The effect of various day temperatures on NADH-nitrate reductase, NADH-and NADPH-glutamate dehydrogenases, nitrate, protein and leaf area, measured at intervals during the ontogeny of the first trifoliolate soybean leaf, was determined. At 32.5 C and 25 C, nitrate concentration, nitrate reductase, and NADPH-glutamate dehydrogenase activities increased concurrently with leaf development and then decreased as leaf maturation progressed. At 40 C, these three components showed no initial increase and the concentration or activities decreased throughout the development of the leaf. The effects of temperature on NADHglutamate dehydrogenase were the reverse. Rates of protein accumulation were higher at 40 C during the first 2 days of leaf development while higher rates were measured the first 5 days of leaf growth at 32.5 C. At 25 C, protein accumulation was low duning the first 3 days of leaf growth, increased in the period of 3 to 5 days, and then declined up to 8 days of leaf development. Leaf expansion progressed at faster rates at 32.5 C and 25 C and at a much slower rate at 40 C. Leaf growth was essentially complete after the fifth day regardless of temperature.
The hypothesis that cessation of growth at high temperature is caused by enzyme inactivation has long been considered (11) . Alexandrov et al. (1) proposed that thermotolerance is associated with protein thermostability. Henckel (12) reported that heat-resistant plants responded to high temperature with accelerated protein synthesis which would function in preventing cell damage caused by heating. Inactivation of NR3 occurs as a result of high day temperature (22, 27, 29, 32) and high night temperature (2) . Croy and Hageman (4) showed that NR extracted from different wheat varieties differ in temperature sensitivity. Of the enzymes involved in NO3-assimilation, NR is known to be more heat-labile than nitrite reductase (5, 13) . No reports were found that detailed the heat sensitivity of NADPH-GDH from leaves of higher plants. Leech and Kirk (18) (9) . GDH activity was assayed by the procedure described by Joy (15) . The phosphatase assay was carried out according to Forti et al. (8) After centrifugation, the pellets were dissolved in 0.1 N NaOH and the protein concentration assayed by the method of Lowry et al. (19) , using BSA as standard. The total protein content of the leaves was calculated by converting total nitrogen determined by nesslerization into protein (14) , using the factor 6.24. After centrifugation of the leaf homogenate, the resulting pellet and the trichloroacetic acid precipitate of the supernatant (2-ml aliquot) were digested with 20% H2SO4, heated for 60 min twice using H202 as catalyst, reacted with Nessler's mixture, and the optical densities were read at 490 nm. Temperature-Kinetics Studies. For the studies of thermal inactivation and enzyme decay, the uncentrifuged extracts, obtained from fully expanded leaves, were incubated in water baths with temperatures ranging from 20 C to 80 C, in the dark.
Comparable extracts kept at 0 to 4 C were used for controls. At scheduled times, the extracts were removed from the temperature treatments and transferred directly to a refrigerated centrifuge (0-4 C), spun at 30,000g for 15 min, and the supernatants used for enzyme assays. Other experiments, designed to study the effect of temperature on enzyme synthesis and breakdown, used discs (1-cm diameter) punched from fully expanded first trifoliolate leaves growing at 30 C day and 20 C night. The discs (0.3 g) were incubated with 50 mm K-phosphate, pH 7 in 25-ml Erlenmeyer flasks previously equilibrated at the different temperatures. The amount of tissue used allowed for the distribution of the semi-immersed discs in a single layer with a minimum of overlapping. The top of the flasks was covered with Saran Wrap with small perforations. The treatments were carried out under 10,000 lux of light intensity supplied by a 500-w incandescent bulb. At different times, flasks were removed from the temperature-controlled water baths, transferred to ice, and subsequently extracted for enzyme assay.
RESULTS AND DISCUSSION Temperature Effects on Nitrogen Metabolism. The assays on day 1 (after 4 hr of differential temperature treatment) showed rapid increases in NR activity that were essentially unaffected by treatments (Fig. 1) . Zero time samples were not taken because of the limited amount of experimental tissue available; however, previous assays of comparable embryonic trifoliolate leaves contained negligible levels of NR. At 40 C, highest NR activity occurred on day 1 and declined thereafter. At 32.5 C and 25 C, NR activity increased until day 3 and then declined.
Plants grown at 32.5 C had higher concentrations of NO3-than those grown at 25 C or 40 C. Because the 32.5 C plants had more leaf area, greater leaf weights (data not shown), and the highest average level of NR activity (per g fresh wt), the data show that accumulation of NO3-by the leaf is markedly reduced by temperatures higher or lower than 32.5 C. Although the reason for the marked effect of the temperature treatments on NO3-accumulation is not known, the differences are not attributable to NR activity.
With the exception of the 40 C treatment, the highest concentration of NO3-occurred at day 3 and coincided with the peaks of NR activity. Because NO3-concentrations of 40 to 50 ,umol N03--N-g (fresh wt)-' are judged adequate for full induction and maintenance of NR activity, the data suggest that the 40 C treatment was directly affecting the level of NR activity as well as reducing the amount of NO3-supplied to the leaf. The similarities of patterns of NO3-concentrations and NR activities (Fig. 1) are comparable to previous studies with soybean (10) and with corn (24) and support the conclusion of Meeker et al. (24) that NO3-(concentration and influx) is a major factor in regulating the level of NR activity.
The decline of NO3-concentration as a function of leaf development regardless of temperature treatment (Fig. 1) indicates a decrease in the flux of NO3-into the leaf. Other work (10) has shown that NO3-concentration and NR activity continue to decrease from time of maximum leaf expansion to maturity. Of the several possibilities considered, directed transport induced by successive development of younger leaves, decreased rates of uptake with plant maturation, and dilution due to increase in plant mass appear most plausible.
Regardless of temperature treatment, leaf expansion was essentially complete by day 5 (Fig. 2) . Leaf area and leaf weight were highest at 32. (Fig. 3) . Because these activities were determined with homogenates that contained a soybean phosphatase that converts NADPH and Pi (31), the NADPH values are probably high. Attempts to separate the enzymes on DEAE-cellulose and inhibition of the phosphatase with KF were unsuccessful. However, data obtained with the chloroplast-enriched fractions (Table II) show the existence of the NADPH-GDH because NADPH activity exceeds NADH activity by 3-to 30-fold. Subtraction of the NADH activity from the NADPH activity (chloroplast-enriched fractions, Table II) gives estimates of NADPH activities that are consistent with the patterns shown in Figure 3 . The increase in NADH-GDH activity in the chloroplast-enriched fraction on day 12 may be due to increased contamination (cf. total leaf homogenate, Table II ). These data confirm the chloroplastic location of the NADPH-GDH (18) .
The NR and NADPH-GDH patterns are similar (cf. Fig. 1 with Fig. 3A) , the initial increase inactivities of both enzymes was followed by a decline, with leaf development. However, the fact that the NADPH-GDH activities are approximately onethird of the NR activities argues against the concept that NADPH-GDH is the only enzyme involved in the sequential conversion of NO3-to glutamate.
Although NADPH-GDH has been considered the enzyme responsible for de novo synthesis of amino nitrogen (18, 30) , Lea and Miflin (17) have suggested recently that glutamine synthetase provides an alternate means for the initial assimilation of NH3 (into glutamine) in leaf tissue. However, the chloroplastic location and difference in patterns of activity in response to temperature and leaf development (Figs. 1 and 3) suggest that the NADPH enzyme could also provide a way for de novo incorporation of NH3 (into glutamate) in the chloroplasts. It is also possible that the NADPH-GDH functions as a catabolic enzyme in the chloroplast similar to the function envisaged for the NADH-GDH in the mitochondria.
Kinetics of Temperature Effects on Nitrate Reductase and NADPH-Glutamate Dehydrogenase Activities. The rate of NR inactivation increases as temperature increases from 30 to 45 C (Table III) The rate of NADPH-GDH inactivation also showed first order kinetics as the temperature treatments were increased from 30 to 75 C (Table III) . The change in rate constants and the Arrhenius equation show that irreversible inactivation occurred at approximately 65 C, which is consistent with the observation of Pahlich and Joy (28) .
The sensitivity of NR to temperature treatments is consistent with previous observations. Younis et al. (32) reported that maize subjected to increased temperature had significant decreases in NR and total plant N, and Mattas and Pauli (22) showed concurrent decreases in NR, fresh weight, and total plant N.
In Vivo Temperature Effects on NR and NADP-GDH Activity. The hourly changes in NR and GDH activity were determined with illuminated leaf discs incubated for 5 hr in phosphate buffer at various temperatures (Fig. 4) .
At 45 C, NR activity essentially disappeared after 1 hr of treatment while at the three lower temperature treatments, activity decreased for the first 2 hr. Between 2 and 3 hr, there was a marked increase in NR activity at 30 C and slight increases in activity at 35 C and 40 C. Thereafter, activities declined slowly before stabilizing at various levels as shown (Fig. 4) creases in activities are attributed to temperature-dependent NR degradation and the increases to de novo synthesis. One possible reason for the 2-to 3-hr lag in synthesis is the effect of 50 mm phosphate buffer on the distribution of endogenous NO3-between "active" and "inactive" pools (6 and unpublished data).
At 30 C and 40 C, NADPH-GDH activity was variable during the 5-hr incubation; however, activities at initiation and termination were essentially identical. At 50 C, GDH activity decreased linearly and had disappeared after 5 hr, while at 60 C, activity was gone after 3 hr.
While the data are not directly comparable, it appears that GDH in the intact tissue is more heat-labile than the enzyme extract (cf. Fig. 4 with Table III ). The reason for this observation is not known, although several explanations are possible. Nevertheless, the data show that NADPH-GDH is more heattolerant than NR.
Of the enzymes involved in NO3-assimilation, NR appears to be the most heat-labile. Huffaker 
